In this paper, we introduce backscatter communication for power-limited sensors to enable long-range transmission in wireless sensor networks, and envision a way to avoid doubly near-far problem in wireless-powered communication network (WPCN) with this technology. In backscatter based WPCN, users harvest energy from both the signal broadcasted by the hybrid access point and the carrier signal transmitted by the carrier emitter in the downlink, and then transmit their own information in a passive way via the reflection of the carrier signal using frequency-shift keying modulation in the uplink. We characterize the energy-free condition and the signal-to-noise ratio (SNR) outage zone in backscatter based WPCN. Further, we propose backscatter based harvest-then-transmit protocol to maximize the sum-throughput of the backscatter based WPCN by optimally allocating time for energy harvesting and information transmission. Numerical results demonstrate that the backscatter based WPCN increases significantly the transmission range and diminishes greatly the SNR outage zone 논문 15-40-10-05 
In order to overcome this doubly near-far problem, common-throughput maximization scheme was proposed in [2] but it causes severe degradation of overall network performance for fairness. Also, authors in [3] presented user cooperation to alleviate the doubly-near far problem. It has been shown that a near user first helps relay information of a far user to the H-AP and then uses the remaining time as well as energy to transmit its own information for more balanced throughput with desired fairness.
However, the only two-user case has been analyzed in [3] and the proposed cooperation protocol with undue complexity may not be feasible for large-scale wireless sensor networks.
Backscatter communication is suitable for the WPCNs suffering doubly near-far problem because it enables a long-range communication with low power in a passive way via the reflection of the carrier signal rather than active radio transmission.
As backscatter communication fits well into low-rate, low-power and large-scale wireless sensor networks with RF energy harvesting, it can be an alternative approach to break through the challenges ahead. Backscatter communication for WPCNs can help to increase the coverage of such network and diminish the signal-to-noise ratio (SNR) outage zone, compared to the active radio based WPCNs [2, 3] .
Scatter radio communication is attracting considerable attention recently. The most remarkable and commercial application of this technology is radio frequency identification (RFID). However, as this RFID has a certain disadvantage of short transmission range due to round-trip path loss, bistatic scatter radio communication, which dislocates the carrier signal generator from the reader, thereby increasing the transmission range, has emerged as a promising technique for low-rate, low-power and large-scale wireless sensor networks.
Bistatic scatter radio architecture has been introduced in [4] [5] [6] , in which a carrier emitter generates the carrier wave and illuminates a tag/sensor. The tag/sensor does not transmit information like classical radio but reflects the incident carrier signal and modulates the signal using on-off keying (OOK) or frequency-shift keying (FSK) by switching the antenna load with different levels or rates. Then, software-defined radio (SDR) reader decodes the superposition of the carrier signal transmitted directly from the carrier emitter and the backscattered signal from the tag/sensor. In [7] , a tag/sensor is assumed to be semi-passive (energy-assisted) with extra energy source, and coherent binary FSK modulation is employed for bistatic scatter communication. Further, an increased range is offered with short block-length cyclic channel codes suitable for tag/sensors.
With low-cost and low-power principle of a system (by detaching the energy transmitter, i.e., carrier emitter from the reader, unlike conventional RFID), bistatic scatter radio communication can be utilized for ubiquitous and large-scale wireless sensor networks (WSNs) in a distributed area. The promising application is environmental monitoring where numerous sensors are deployed to measure and monitor environmental conditions [4] .
Backscatter communication can be a potential key-enabler for deployment of future batteryless WSNs.
In this paper, we propose backscatter based WPCN as an alternative approach to deal with the doubly near-far problem in active radio based WPCNs. To this end, the users, which have no other energy sources but resort only to the harvested energy for transmission, first harvest energy from the RF signal broadcasted by the H-AP and also the carrier signal generated by the carrier emitter in the DL. Then they transmit their own information by reflecting the carrier wave via FSK modulation in the UL. As the carrier emitter can be utilized as another energy source for RF energy harvesting, it can render far users to mitigate severe range discrimination caused by doubly near-far problem.
The latter is due to the fact that the carrier emitter can be deployed close by the tag/sensor, and the energy source can be dislocated from the H-AP. 
respectively. In the above channels, we assume that channel reciprocity holds for the DL and UL, and In the backscatter based harvest-then-transmit protocol, it is assumed that the tags do not harvest energy after finishing their own information transmission. This is because our proposed backscatter protocol is based on the principle of the harvest-then-transmit one proposed in [2] . So, energy harvesting and information transmission for all tags are designed to start and end within one block time. We may attempt to harvest energy even after transmission, which is worth of further study to optimize the resource allocation.
Following the system model in [4] , [7] , the carrier emitter continuously sends a carrier wave of The baseband backscattered FSK waveform at   can be written as
where   represents a complex-valued term related to the antenna structural mode [8] , [9] , frequency and random initial phase are   and   ∈ for bits ∈ [7] . Thus,    represents the fundamental frequency component of a 50% duty cycle waveform of amplitude 1.
The attenuated, modulated and reflected signal waveform is additionally attenuated by a scaling term  depending on the inherent scattering efficiency. The scattering efficiency is usually time varying owing to the use of rectifiers on the passive sensors, but for low-rate transmission (e.g., a block of a few bits) or the energy-assisted case, it can be considered constant [4] . Thus,  can be simplified to a constant value , and the baseband scattered waveform at   can be expressed as
The H-AP receives the superposition of the carrier signal directly from the carrier emitter and the backscattered signal from   , and hence the received waveform is of the form
where     is a circularly symmetric complex
Gaussian noise with mean 0 and variance    .
Ⅲ. CHARACTERIZATION OF SNR OUTAGE ZONE
Due to the doubly near-far problem based on distance-dependent double attenuation in both the 
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where   and   denote the received signal and noise at   , respectively. We assume that   is sufficiently large enough to ignore noise   at   .
Hence, the amount of energy harvested by   in the DL can be represented as
where  denotes the energy harvesting efficiency at   .
After harvesting energy in the DL, the user transmits its own information to the H-AP with the total harvested energy during the amount of time   in the UL. The average transmitted power from   can be represented as
The received signal from   can be expressed as 
Thus, the energy-free condition for   can be represented as
where   is the required input power (for example, -18),   denotes Rayleigh short-term fading between   and the carrier emitter, and   represents the distance between   and the carrier emitter. As shown in (12) , both the distance between the carrier emitter and the tag and between the H-AP and the tag play an important role in determining the amount of harvested energy and the resulting energy-free feasibility. Thus, the energy-free condition can be fulfilled by properly deploying the carrier emitter near the tag as a key factor for RF energy harvesting. From now on, it is assumed that the energy-free condition can be satisfied.
To characterize the SNR outage zone in the backscatter based WPCN as depicted in Fig. 3 , we need to derive the received signal waveform at the H-AP. By substituting (1) - (3) into (4), the received baseband signal waveform at the H-AP during a single bit ∈ for   can be represented as
Here we assume that the carrier frequency offset ∆ can be compensated at the H-AP sufficiently and the DC value, which does not convey any information on the bit, can be removed by estimation and elimination of the received signal's mean value       . Thus, the received signal at the H-AP can be represented as
The average received signal power at the H-AP can be derived as
Since the condition    ≥   is satisfied within the coverage, the coverage of the backscatter based WPCN can be determined from the SNR outage zone by equating       , for which the coverage   can be evaluated as 
Thus, the achievable UL throughput of   at the H-AP can be evaluated as 
As shown in (18),   can obtain sufficient energy to meet the energy-free condition by harvesting the required energy during       ⋯     , continuously, and then transmit its own information during   using the backscatter based harvest-then-transmit protocol. With this optimal time allocation for all tags, their energy-free conditions can be fulfilled to achieve the maximum sum-throughput.
Accordingly, (P1) can equivalently be reformulated as
The optimal solution for (P2) can be derived without difficulty via Linear Programming [12] . Consequently the received signal power at the H-AP drops drastically.
Ⅴ. RESULTS
We further observe that as the desired SNR (dB) increases, the coverage of the backscatter one becomes smaller than that of the active one at some point where   is 5m. This is because the large distance-dependent path loss between the carrier emitter and tag results in serious degradation of the coverage of the backscatter one. As the tag in the backscatter one transmits its own information by the reflection of the carrier signal in a passive way, it is inevitable to get seriously influenced by the distance between the tag and the carrier emitter.
Therefore, the significance of the deployment plan of the carrier emitter at an optimal location becomes more prominent. In future work, we will consider a deployment plan of the carrier emitter which is a crucial issue for implementation of the backscatter based WPCN. 셀룰러 통신
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